The central vacuole is the main site of accumulation of many water-soluble secondary metabolites such as anthocyanins and other phenolic compounds. It is generally accepted that the biosynthesis of anthocyanins and other flavonoid glycosides occurs in the cytosol and that these compounds are then transported to the central vacuole across the tonoplast (Hrazdina and Wagner, 1985; Hrazdina et al., 1987). The mechanisms for transport to the vacuoles have not been clearly established. However, it was reported recently that anthocyanin is conjugated with glutathione in a reaction that is catalyzed by glutathione S-transferase (encoded in maize by the Bronze-2 gene) and that this conjugate is then transported to the vacuoles by the glutathione pump in the tonoplast (Marrs et al., 1995; Marrs, 1996). Martinoia et al. (1993) showed that the uptake of glutathione S-conjugates of N-ethylmaleimide and of metolachlor into the vacuoles was mediated by a specific ATPase
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Once the compounds are transported to the vacuoles, other mechanisms are necessary for intravacuolar retention (Guern et al., 1987) . Severa1 intravacuolar-trapping mechanisms, such as glycosylation, ionization, and induction of a conformational change, may be involved in the vacuolar accumulation of secondary metabolites (Werner and Matile, 1985; Matern et al., 1986) . However, it remains unclear how large amounts of anthocyanin are retained in central vacuoles. In previous reports (Nozue and Yasuda, 1985; Nozue et al., 1987) we demonstrated that cultured cells of sweet potato (Ipomoea batatas Lam. cv Kintoki) produce large amounts of anthocyanin and form intensely pigmented, anthocyanin-containing globules within vacuoles during continuous illumination. These pigmented structures have been called cyanoplasts (Lippmaa, 1926; Molisch, 1928; Politis, 1959) and are first detected as small, red, spherical bodies approximately 3 pm in diameter at the early stage of pigment accumulation under light microscopy.
The number of these spherical bodies in the vacuole increases with the maximum accumulation of pigment, but it subsequently decreases to one or a few with an increase in the size of the pigmented bodies. Fully developed pigmented globules reach 10 to 15 pm in diameter. Electron microscopy has revealed that these intracellular structures have neither a membrane boundary nor an interna1 structure, and that they are found as strongly osmiophilic globules in vacuoles (Nozue et al., 1993) . These observations indicate that the pigmented structures in anthocyaninproducing cells are insoluble globules in which anthocyanin is highly concentrated. The formation of such pigmented structures in anthocyanin-containing cells may Nome et al. Plant Physiol. Vol. 11 5, 1997 represent the trapping of large amounts of anthocyanin in vacuoles.
Unpigmented spherical bodies were observed in the vacuoles of dark-grown seedlings of Polygonum cuspidatum (Kubo et al., 1995) . The unpigmented spherical bodies accumulated anthocyanin and turned into cyanoplasts when dark-grown seedlings were irradiated. However, it is unknown how the cyanoplasts were formed in the vacuoles of anthocyanin-producing cells.
We recently described a 24-kD protein (VP24) that was identified as a major protein in vacuoles isolated from anthocyanin-producing cells of sweet potato in suspension culture (Nozue et al., 1995) . Expression of VP24 was induced in cultured cells upon their exposure to light and was closely correlated with the accumulation of anthocyanin. Although the biological function of the vacuolar protein VP24 has not yet been determined, it seems possible that this protein may be involved in the intravacuolar accumulation of anthocyanins via the formation of cyanoplasts.
The present study was carried out to characterize in further detail the role of VP24 in the anthocyanincontaining vacuoles. We studied the expression and intravacuolar localization of this protein using three dífferent lines of sweet potato cells in suspension culture, which produced anthocyanin at different rates.
MATERIALS AND METHODS

Cell Cultures
Three lines of sweet potato (Ipomoea batatas Lam. cv Kintoki) cells in culture, ALD, ALND, and N, were used in the present experiments. ALND and ALD were anthocy anin-producing cell lines and N was a nonproducing cell line. Anthocyanin content of this cell line was around the threshold of detectability. The ALND cell line produced large amounts of anthocyanin under continuous illumination but little anthocyanin in darkness. The ALD cell line produced large amounts of anthocyanin not only under continuous illumination but also in darkness. More anthocyanin was synthesized in ALD cells under illumination than in darkness. The N cell line produced little anthocyanin regardless of illumination conditions. Both the ALND and N cell lines were obtained by clonal selection from the same callus cultures that had been initiated from tuberous root tissue of sweet potato (Nozue et al., 1987) . The ALD cell line was also obtained by severa1 rounds of clonal selection from the anthocyanin-producing cells that developed spontaneously in dark-grown cultures of ALND cells. A11 cell lines in callus culture were maintained in 25 mL of PRL-4C (Gamborg, 1966) agar medium that contained 3% SUC (w/v) and 0.3 mg L-l 2,4-D in Petri dishes 9.0 cm in diameter in darkness at 25 to 26"C, with subculture at 2-week intervals. Seven-day-old callus of each cell line was used for the following experiments. Other procedures for the culture of these cells have been described previously (Nozue et al., 1995) .
lnduction of VP24 Expression and Anthocyanin Synthesis
Expression of VP24 and synthesis of anthocyanin were induced by exposure of cells to light, as described previously (Nozue et al., 1993) . Callus (approximately 2 g fresh weight) of each cell line was transferred to a 100-mL Erlenmeyer flask that contained 20 mL of PRL-4C liquid medium without 2,4-D, unless otherwise stated. After preculture on a rotary shaker for 3 d in darkness, the cells were exposed to continuous illumination and harvested at various intervals after the onset of irradiation, and amounts of VP24 and anthocyanin were determined. To investigate the expression of VP24, N cells were cultured under identical conditions as ALND and ALD cells.
Extraction of VP24
Suspension-cultured cells were harvested at various intervals by filtration of the culture through filter paper (Toyo filter paper no. 1, Advantec, Tokyo, Japan) on a suction funnel and their fresh weight was determined. Cells (1 g fresh weight) were homogenized with a mortar and pestle in 1 mL of extraction buffer (25 mM Tris-Mes, pH 6.8, containing 0.5 M NaCl, 0.3 M SUC, and 3 mM MgC1,) with 0.1 g of Polyclar AT and 1 g of quartz sand at 0°C. The homogenate was centrifuged at 12,OOOg for 10 min at 4"C, and the supernatant was stored at -20°C prior to analysis.
Protein was precipitated with sodium deoxycholate and TCA (Bensadoun and Weinstein, 1976 ) and dissolved in 1 N NaOH, and concentration was determined by the method of Lowry et al. (1951) . BSA was used as a standard.
Electrophoresis and lmmunoblotting
One-dimensional SDS-PAGE was performed as described by Laemmli (1970) . Samples were heated at 95°C for 3 min in the presence of 1% SDS and 1% 2-mercaptoethanol, and were then subjected to SDS-PAGE in a 14% (w/v) polyacrylamide gel for separation and in a 4.5% (w / v) polyacrylamide gel for concentration. Twodimensional gel electrophoresis was carried out as described by OFarrell(1975) with IEF (2% Ampholine 3.5-10, Pharmacia) in the first dimension, and SDS-PAGE (14% gel) in the second dimension.
For immunoblotting, the proteins were blotted electrophoretically onto a PVDF membrane and were detected with VP24-specific polyclonal antibodies as the primary antibody (1:lOOO dilution) and goat antibodies conjugated with alkaline phosphatase against rabbit IgG (Cappel) as the second antibody. VP24 was quantified densitometrically after immunoblotting. Polyclonal antibodies were raised in a rabbit against a purified VP24 preparation that had been extracted from vacuoles isolated from suspension-cultured ALND cells and purified by preparative SDS-PAGE. removal of insoluble materials by centrifugation at l,600g for 10 min, the A 530 of the clear supernatant was measured and the anthocyanin concentration was determined using e = SS^OO-l-mor'-cm" 1 (Moskowitz and Hrazdina, 1981) .
Preparation of Vacuoles
Protoplasts and vacuoles were isolated from 8-d-old suspension-cultured ALD cells as described previously (Nozue et al., 1993 (Nozue et al., , 1995 .
Immunocytochemical Analysis
Fourteen-day-old suspension-cultured ALD cells that had been transferred to liquid medium without 2,4-D were harvested by centrifugation and vacuum infiltrated for 1 h with a fixation mixture that consisted of 4% paraformaldehyde, 1% glutaraldehyde, and 60 HIM Sue in 50 HIM cacodylate buffer, pH 7.4. Cells were washed with 50 mM cacodylate buffer, pH 7.4, dehydrated in a graded dimethylformamide series at -20°C, and embedded in London Resin White acrylic resin (London Resin Co. Ltd., Basingstoke, Hampshire, UK). Blocks were polymerized under a UV lamp at -20°C for 24 h. Ultrathin sections were prepared on a Reichert ultramicrotome (Leica, Heidelberg, Germany) and mounted on uncoated Ni 2+ grids. Immunocytochemical labeling with protein A gold particles was performed as described previously (Nishimura et al., 1993) . Antibodies against VP24 (dilution 1:1000) were used for the analysis. Thin sections were examined with a transmission electron microscope (1200 EX, Jeol) operated at 80 kV.
Assay for PAL Activity
Cultured cells (0.5 g fresh weight) were homogenized with a mortar and pestle in 2 mL of 0.1 M Tris-HCl buffer, pH 8.0, that contained 20 mg of sodium isoascorbate, 50 mg of Polyclar AT, and quartz sand at 0°C. The homogenate was filtered through Miracloth (Calbiochem) and the filtrate was centrifuged at 12,000g for 10 min. The supernatant was partitioned on a Sephadex G-25 column (Pharmacia), and the protein in the eluate was used for assay of PAL activity as described by Tanaka et al. (1974) . A unit of activity was defined as the amount of enzyme catalyzing the formation of one nanomole of cinnamic acid per minute.
RESULTS
Expression of VP24 and Anthocyanin in Three Cell Lines
Marked increases in levels of both VP24 and anthocyanin were found in vacuoles isolated from ALND cells that had been cultured under continuous illumination (Nozue et al., 1995) . However, neither VP24 nor anthocyanin was detected in dark-grown-cultured cells. To compare the abilities of three cell lines to synthesize VP24, we examined the expression of VP24 and the formation of anthocyanin in the ALD, ALND, and N cells. Callus cultures of each cell line were harvested after 12 d of culture under continuous illumination or in darkness. The anthocyanin content was then determined and VP24 was analyzed by SDS-PAGE with subsequent immunoblotting. Table I shows that large amounts of anthocyanin were produced in both the irradiated and dark-cultured ALD cells, and that anthocyanin was also produced in the irradiated ALND cells. However, little anthocyanin was produced in the dark-cultured ALND cells. The N cells failed to produce any anthocyanin in light or in darkness. Figure  1 shows that large amounts of VP24 were expressed in both ALD and ALND cells, and that a small amount of VP24 was detected in N cells grown in the light. However, no VP24 was detected in ALND and N cells cultured in darkness. The dark-cultured ALD cells expressed VP24 and synthesized anthocyanin. Larger amounts of both VP24 and anthocyanin were produced in the irradiated ALD cells than in the dark-cultured ALD cells.
Light-Induced Expression of VP24 and Anthocyanin
Changes in levels of VP24 in the three different cell lines after light irradiation were examined by immunoblot analysis. Suspension-cultured cells of each line were initiated by transfer of callus to 2,4-D-free liquid medium and then cells were cultured in darkness prior to irradiation. Days after cell transfer increase in the level of VP24 was observed at the late stage of cultures in darkness, but the level of VP24 was enhanced by light irradiation (Fig. 2A) . In contrast, little VP24 was detectable in dark-cultured ALND and N cells, but the level of VP24 in both cell lines increased markedly upon irradiation (Fig. 2, B and C) . Figure 3 shows the changes in anthocyanin content under the same conditions as those in the experiment for which results are shown in Figure 2 . Light-stimulated or -induced synthesis of anthocyanin was observed in ALD and ALND cells (Fig. 3, A and B) . The increase in anthocyanin content in both cell lines under continuous illumination occurred more slowly than that of VP24, and more than 10 d of irradiation were required to reach the maximum pigment level. Anthocyanin synthesis occurred continuously in the dark-cultured ALD cells, but was stimulated by irradiation. Little anthocyanin accumulated in Days after cell transfer irradiated or dark-cultured N cells (Fig. 3C) . These results indicate that stronger expression of VP24 was accompanied by greater accumulation of anthocyanin in the cultured cells of all three cell lines, with the exception of the irradiated N cells. PAL is a key enzyme in the biosynthesis of phenylpropanoids and phenylpropanoid-derived compounds. The changes in PAL activity in ALND cells were examined under the same experimental conditions as described above for a comparison with the changes in levels of VP24. A transient increase in PAL activity after irradiation of cells was observed and it was followed by the increase in activity that is known to be induced by the cell transfer to fresh medium (Hahlbrock and Schroder, 1975) . PAL activity reached a maximum 2 d after the start of light irradiation and then decreased rapidly (Fig. 4) . The accumulation of anthocyanin began after the increase in PAL activity and paralleled that of VP24. Both VP24 and anthocyanin reached maximum values after the decrease in the activity of PAL.
Effect of 2,4-D on the Light-Induced Expression of VP24
Elevated concentrations of auxins usually inhibit the synthesis of anthocyanin and other phenolic compounds in plant cells in culture (Constabel et al., 1971; Ozeki et al., 1987) . As reported previously (Nozue and Yasuda, 1985) 
Localization of VP24
The knowledge of a protein's subcellular localization is essential for functional studies. VP24 was identified as a major protein in vacuoles isolated from anthocyanincontaining cells of sweet potato (Nozue et al., 1995) . However, we have no direct evidence to indicate whether VP24 is a tonoplast-integrated protein or an intravacuolarsoluble protein. To study the subcellular localization of VP24 in anthocyanin-containing and anthocyanin-free cells, we subjected suspension-cultured ALD and N cells to immunocytochemical analysis of VP24. Both ALD and N cells expressed VP24 in the light, but production of anthocyanin only occurred in ALD cells. Figure 6 , A through C, shows the cyanoplasts in the cultured ALD cells and in protoplasts and vacuoles isolated from ALD cells that had been cultured for 8 d under continuous illumination.
Large numbers of cyanoplasts were found in the vacuoles of the sweet potato cells in suspension culture, as reported previously (Nozue et al., 1993) . Immunocytochemical staining and electron microscopy revealed that VP24 was localized in the cyanoplasts and vacuoles of ALD cells and not in the tonoplast (Fig. 6D ). This suggests an association of VP24 with anthocyanin pigments. Neither the accumulation of anthocyanin nor the occurrence of cyanoplasts was observed in N cells, but VP24 was found as a vacuolar protein (Fig. 1) . We tried to detect VP24 in the vacuoles of N cells. However, we were unable to identify any immunogold-labeled structures in these cells (data not shown).
DISCUSSION
The synthesis of anthocyanin in cultured plant cells is generally stimulated or induced by illumination. In the present study we used three lines of sweet potato cells in cultures with different sensitivities to light with respect to the formation of anthocyanin. These cell lines were established by severa1 rounds of clonal selection from the same callus that had been initiated from sweet potato root. It is unclear why the ability to produce anthocyanin differed among the three cell lines. However, the activities of enzymes involved in general phenylpropanoid metabolism, PAL, 4-coumarate:CoA ligase, and cinnamate 4-hydroxylase, in N cells were undetectable or very low under continuous illumination (M. Nozue and S. Kuwazawa, unpublished data; M. Nozue and S. Katajir, unpublished data) .
In contrast, the activities of these enzymes in ALD cells cultured in darkness were high, and large amounts of anthocyanin were produced and accumulated. These results indicate that the expression of VP24 in ALD cells is correlated with the accumulation of anthocyanin, as is the case in ALND cells (Nozue et al., 1995) . Furthermore, the inhibitory effects of 2,4-D on the accumulation of VP24 also showed the same tendencies as the inhibitory effects of 2,4-D on the intravacuolar accumulation of anthocyanin in these cell lines.
The activities of the enzymes that are related to general phenylpropanoid metabolism and the biosynthesis of flavonoids usually show a transient increase soon after induction by various triggers (Lawton et al., 1983; Chappell and Hahlbrock, 1984; Ozeki et al., 1990; Peter et al., 1991) . A transient increase in the activity of PAL was also observed before the level of anthocyanin reached a maximum in cultured cells of sweet potato. However, the level of VP24 continued to increase, as did the accumulation of anthocyanin. It is generally believed that the biosynthesis of anthocyanin is a cytosolic event and that anthocyanin is transported to the vacuole (Hrazdina et al., 1978; Jonsson et al., 1983; Marrs et al., 1995) . Our observations indicate that VP24 may be involved in the accumulation of anthocyanin but not in its synthesis.
Electron microscopy after immunostaining of VP24 revealed that it is an intravacuolar and not a tonoplastintegrated or a tonoplast-associated protein, and is localized in the cyanoplasts of anthocyanin-containing vacuoles. Cyanoplasts were not formed in the cell line that did not produce anthocyanin in the light (N), but VP24 was detectable by SDS-PAGE with subsequent immunoblotting. VP24 may have been localized in the vacuole as a soluble protein, since neither intravacuolar osmiophilic globules (cyanoplasts) nor immunogold-labeled VP24 could be detected in the N cells. Cyanoplasts were detectable only in cells that accumulated large amounts of anthocyanin.
The factors affecting the occurrence of cyanoplasts in cultured sweet potato cells coincided with those that influenced the expression of VP24 and the accumulation of anthocyanin. Both the occurrence of cyanoplasts (Nozue and Yasuda, 1985) and the expression of VP24 in the cultured cells were strongly inhibited by 2,4-D in the medium. These results indicate that VP24 may be involved in the formation of cyanoplasts and that this vacuolar protein coexists with anthocyanins in the same vacuoles. As described previously (Nozue et al., 1995), VP24 was recovered from only the reddish or purplish pellet after ultracentrifugation of sonicated samples of isolated vacuoles. It seems that VP24 combines easily with anthocyanins in vitro. Two-dimensional gel electrophoresis indicated that VP24 was an acidic protein with a pI below 5.5, and VP24 was barely soluble in the buffered solutions below pH 5.5 (data not shown). Therefore, VP24 may not be in solution at the vacuolar pH. These observations suggest that VP24 may play a role in the intravacuolar trapping of anthocyanin pigments via the formation of cyanoplasts through hydrophobic interaction with anthocyanin in vivo.
VP24 may have other biological roles in addition to its role in the formation of cyanoplasts, because this protein also accumulated in the vacuoles of nonproducing N cells. The present study suggests that the mechanisms that regulate the expression of VP24 and the formation of anthocyanin in sweet potato cells may be similar, but the expression of VP24 may be independent of the synthesis of anthocyanin. Although the control of the expression of VP24 has not yet been characterized at the molecular level, our preliminary experiments with inhibitors of RNA and protein synthesis indicate that the light-stimulated or lightinduced expression of VP24 may be regulated at the transcriptional level. When the suspension-cultured ALND cells were treated with cycloheximide or cordycepin before and after the start of irradiation of cells, the expression of VP24 was inhibited by treatment with either inhibitor before the start of irradiation, but little inhibition was observed in cells that had been treated more than 3 d after the start of irradiation.
The central vacuole in the mature plant cell is generally the largest subcellular compartment, and it is the site of storage of a variety of compounds including proteins. VP24 is distinct from sporamin, a major vacuolar storage protein of 25 kD in the tuberous roots of sweet potato (Maeshima et al., 1985) . However, no sporamin was detectable in an extract of cultured sweet potato cells by immunoblotting (Nozue et al., 1995) . It was reported that the pathogenesisrelated proteinase P69 (Vera and Conejero, 1988; Vera et al., 1989 ) and a salt-stress protein, osmotin (Singh et al., 1987) , were localized as electron-dense inclusion bodies within the vacuoles of tomato leaf and cultured tobacco cells, respectively. Considerable amounts of these proteins accumulated in the vacuoles.
Although the function of VP24 is unknown, the properties of the protein are clearly different from those of P69 and osmotin. Recently, a carboxypeptidase associated with electron-dense inclusions in the vacuoles (Mehta et al., 1996) was isolated from tomato fruit and characterized (Mehta and Mattoo, 1996) . P69 and the carboxypeptidase are cationic proteins, and immunocytochemical staining and electron microscopy indicated that both proteins are presumed to be amorphous aggregates, unlike the spherical cyanoplasts. The aminoterminal sequence of the VP24 polypeptide was determined (data not shown), but the sequence did not correspond to that of any known protein. VP24 may be a new, unique vacuolar protein. Further biochemical and molecular characterization of VP24 will be necessary to understand the function of this protein in sweet potato and other plants.
